The ecology of influenza A viruses is marked by interspecies transmission from a large viral gene pool maintained in avian species to various mammalian hosts including primarily humans and swine. Equine species including horses are a recognized host of defined lineages of influenza A virus including the H7N7 (equine-1) and H3N8 (equine-2) subtypes, and equine influenza is a common disease of horses. Equine influenza viruses are most closely related to, and presumably evolved from, avian influenza virus (AIV) ancestors. 1, 2 Phylogenetic analysis indicates the equine-2 lineage probably originated during the 1950s. 3 Also, there is a known instance of an AIV triggering a disease outbreak in horses: The influenza A/equine/Jilin/89 (H3N8) virus was avian-like in all eight gene segments, but briefly established itself in horses in the Jilin and Heilonjiang provinces of China in 1989-90 where it infected some 20 000 horses with numerous fatalities, before disappearing. [4] [5] [6] Recently, Morens and Taubenberger suggested that the 1872 equine influenza panzootic was likely to have been caused by a highly pathogenic AIV. 7 Like AIV, equine influenza viruses preferentially bind the sialic acid-a2,3-galactose linkage, and the most abundant sialic acid receptor specificity of equine trachea is N-glycolyl neuraminic acid a2,3 galactose. 8 This evidence suggests that horses are susceptible to infection with some AIVs. With the availability of experimental models for influenza virus infection of horses as well as of explanted equine tracheal epithelium, we undertook to determine whether other AIV subtypes besides H7N7 and H3N8 are infectious for these hosts.
To elucidate the ability of AIV to infect equine respiratory epithelial cells in vitro, we used explanted equine tracheal cultures as previously described. 9 The source of tracheas was horses/ponies being euthanized by other investigators for reasons unrelated to respiratory disease. Tracheas were excised within 30 minutes of euthanasia. The mucosal/ submucosal layers were removed from the cartilage, cut into 1-cm 2 sections, and cultured in six-well plates with the epithelial surface facing up and awash in Leibovitz L15 medium (Lonza BioWhittaker) buffered with HEPES. We previously showed 9 that explanted tracheal mucosa maintained under these conditions was healthy for 48 hours with minimal degeneration of the epithelial layers and was permissive for growth of equine-2 (H3N8) influenza viruses.
AIVs with N2 NA and different HA subtypes (H1, H2, H4, H5, H6, H7, H9, H11, H13), or with H3 HA and NA subtypes 1-9 (Table 1) were all kindly provided by Drs. Richard Webby and Robert Webster from the influenza virus repository at St. Jude Children's Research Hospital, Memphis TN. Cultures were infected with 1 9 10 6 EID50 units of virus diluted in Leibovitz medium. After 1-hour adsorption, cultures were washed with 39 PBS to remove non-adherent virus, then incubated in 1 ml Leibovitz medium plus 1 lg/ml TPCK trypsin. Samples were collected at 48 and 72 hours post-infection, and progeny virus replication was measured by egg infectious dose (EID50) titration; all these viruses grew well in chicken embryos. Background infectious residue at 0 hour p.i. in this model was approximately 10 4 EID50/ml.
Using a threshold of 10 5 EID50/ml to signify virus replication, we found that avian H7 virus was replication-competent as expected (since the first-discovered EIVs are subtype H7). Additionally, the viruses of subtype H1, H2, and H6 were also replication-competent ( Figure 1 ). This indicates that AIVs of these HA subtypes have the potential to infect horses. We did not test avian subtype H3N8 virus, as there is already a published example of avian H3N8 virus infecting horses (equine/Jilin/89). 5 Among NA subtypes paired with H3, we found that AIVs of the N1 and N5 subtypes were replication-competent.
We next asked, are those viruses that are replicationcompetent in equine tracheal explants also replicationcompetent in horses; that is, can they infect horses resulting in shedding of progeny virus particles? This was studied using our long-established procedure for experimental infection of horses with equine influenza viruses. [10] [11] [12] [13] In brief, the test viruses were aerosolized using a DeVillbis Ultra-Neb 99 nebuliser and pumped into a tented stall (21Á5 m 3 ) where it was inhaled by an assembled group of ponies for 45 minutes. The virus dose used, 5 9 10 7 EID50 units/m 3 , was 5-10 times greater than we routinely use for equine influenza virus infection experiments. We used three influenza-seronegative weanling or yearling ponies for each of three test viruses (H1N2, H6N2, H7N2), with the aim of obtaining a qualitative yes/no answer rather than a quantitative incidence rate. Each of these viruses was studied in a separate experiment, using different animals and with the biocontainment stalls disinfected between experiments. Ponies were examined daily for clinical signs of disease. Nasopharyngeal swab samples were obtained daily through ). These primers were tested to verify reactivity with the specific AIV studied in ponies. RNA copy numbers were calculated against a standard curve generated using in vitro-transcribed RNA made from cloned M1 cDNA as described.
14 Sera were obtained at Day 0 and again at Day 14 post-infection, and virus-specific serum antibodies were Results of these pony infection experiments were almost all negative. No pony exhibited disease signs or seroconverted to the AIV used for infection. Most nasopharyngeal swabs were negative by qRT-PCR (Table 2) . Two swabs (one pony in H6N2 group and one in H7N2 group) were weakly positive only on Day 1 post-infection which might be residual from the infection process rather than representative of virus replication. One swab from a pony in the H6N2 group was positive with more strength on Day 3 post-infection, but every other swab from that pony was negative.
Our intention was to isolate and sequence viruses from PCR-positive swabs, to determine whether there were genetic changes associated with virus replication in ponies, but after repeated blind passages in embryonated eggs, we failed to isolate any viruses. Genetic adaptation of avian influenza viruses to the equine host has not been rigorously examined. As several AIV subtypes tested here did exhibit virus replication in explanted equine tracheal epithelium, HA receptor binding is unlikely to be a restricting factor for those subtypes. The PB2 E627K substitution, which features prominently in the adaptation of many zoonotic AIVs to humans, is not present in the PB2 of equine influenza viruses found in GenBank, as per our own inspection. Also the AIV tested here, or similar strains in GenBank, all featured PB2 with E627.
Neither the in vitro tracheal explant experiments nor the in vivo pony infection experiments exhaustively test every AIV subtype, and our results cannot rule out the possibility that some AIVs may be infectious for horses. They do, however, demonstrate that the equine tracheal explant model is a poor predictor of AIV infectivity in the upper respiratory tract of live equines. . Results are expressed as cycle threshold (C t ) values, in which lower number = stronger signal, and C t > 40 is undetectable. In parentheses are calculated RNA copies.
